We study the leading edge vortex (LEV) development and LEV circulation of pitch-up wings at a low Reynolds number of 500. Wings of different aspect ratios are linearly pitched up from 0 to 90 deg at two reduced pitch rates of 0.1 and 0.2. The flowfield is described by solving the unsteady three-dimensional incompressible Navier-Stokes equations on composite overlapping grids. The Q-criterion is used to isolate the LEV structure from shear layer. The simulation shows that forces increase with the aspect ratio and the pitch rate. The stall angle increases with the pitch rate but decreases with the aspect ratio. also It is shown that the LEV circulation depends on the wing aspect ratio: increasing wing aspect ratio increases the rate of LEV circulation generation during the pitch-up motion. It also shows that the reduced pitch rate could delay the LEV circulation development. Furthermore, the study shows that the LEV circulation distribution better matches the spanwise force distribution for higher aspect ratio wings.
. The enhanced lift generation of a flapping wing is in part due to the existence of a leading edge vortex (LEV). The LEV in close proximity to the wing enhances the lift [10] [11] [12] . This high-lift generation mechanism is similar to the dynamic stall process frequently encountered in helicopters, turbomachinery, wind turbines, and nature fliers [13] . Dynamic stall refers to an unsteady phenomenon in which the lift on a rapidly pitched wing continues to increase even after the angle of attack passes the wing's static stall angle. This temporary increase in lift is followed by a rapid decrease in lift due to vortex shedding.
Because of its scientific merits and practical significance, dynamic stall problems have been studied both numerically and experimentally [3, [14] [15] [16] [17] [18] . Most numerical studies have investigated dynamic stall as a two-dimensional (2-D) problem due to the immense computational resources required for a three-dimensional (3-D) study [4, 13, 19, 20] . Studies with complicated flapping kinematics have been conducted at low Reynolds numbers; however, the focus is on force generation instead of the dynamic stall phenomenon [17, 21] . For the dynamic stall problem, high Reynolds number (Re> 10 6 ) 3-D experiments have been conducted mainly for helicopter application [22, 23] , and low Reynolds number (Re ≈ 10 3 -10 4 ) studies have focused on MAV applications [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Because MAVs employ low aspect ratio wings, dynamic stall must be investigated as a 3-D problem at low Reynolds numbers in order for the dynamic stall research to be applicable to MAVs.
The impact of Reynolds number on the force generation and LEV development has been investigated [34] [35] [36] [37] . For example, Hord and Lian [34] found that lift and drag on a pitch-up wing increased on average by 15% when the Reynolds number increased from 500 to 20,000. Upon inspection of the flowfield, they found that the LEV became more compact in size with increased interior vorticity magnitude as the Reynolds number increased. They concluded that the change in LEV circulation is responsible for the increase in aerodynamic forces. Other studies [35, 37] , however, showed that forces are not sensitive to the Reynolds number.
The study of finite aspect ratio wings at low Reynolds numbers is an area that has not been well explored, even more so with the dynamic stall phenomena. Recent studies on static wings at low Reynolds numbers [O10 4 ] have concluded that the aspect ratio (AR) significantly affects the performance of the wing [38] [39] [40] . For flapping wings, aspect ratio has been found to influence the flowfield. Granlund et al. [18] experimentally found that a finite aspect ratio pitch-up wing had a less defined LEV structure when compared with a 2-D case with the same operating conditions. Yilmaz and Rockwell [28] experimentally studied a 3-D pitch-up wing and found a spanwise velocity induced by tip vortices altered the LEV development. This phenomenon is also seen in Coton and Galbraith [25] and Spentzos et al. [26] . Hord and Lian [34] came to a similar conclusion after performing an aspect ratio survey on a pitch-up wing. They found the LEV development is impeded to a less extent by tip vortices as the aspect ratio increased. They also noticed that the dynamic stall angle decreases with the increase of the aspect ratio. They suggested that tip vortices can attenuate aerodynamic forces on low aspect ratio wings when there is no clear LEV, which is similar to the conclusions made by Shyy [41] for hovering wings and by Okamoto and Azuma [39] and Mizoguchi and Itoh [40] for static wings.
The pitch rate of the dynamic stall motion has been known to influence the maximum achievable lift and stall angle [11, 19, 20] . Granlund et al. [27] experimentally surveyed several pitching rates of a nominally 2-D airfoil undergoing a single pitch-up maneuver at a Reynolds number of 20,000. They found that, even at a low pitch rate, lift would be higher than its corresponding static stall value. Interestingly, the slope of the lift curve changes little with the pitch rate except when the reduced pitch rate is greater than 0.2. Later, Granlund et al. [18] surveyed reduced pitch rates for a 3-D wing and found that increased pitch rates causes tip vortices to develop at higher angles than LEVs. Hord and Lian [34] found similar phenomena in their investigation of a 3-D pitch-up wing. They also found that increasing the pitch rate produced a compact LEV with increased vorticity magnitude and a reduction of tip vortex development.
Early studies have shown that LEVs are affected by the Reynolds number, wing aspect ratio, and pitch rate. To better our understanding of the aerodynamics associated with LEVs, it is important to make a quantitative analysis of the size and strength of LEVs. This in itself can be difficult, because LEVs cannot be measured directly like lift or drag forces. In recent years, several experimental studies have targeted the calculation of LEV circulation strength by measuring and filtering the flowfield about rotating, flapping, or pitching wings [12, [42] [43] [44] [45] [46] . For example, Baik et al. [44] experimentally studied the effect of reduced frequency on the development of the LEV circulation and LEV size of a nominally 2-D pitch and plunge wing. They found that increasing the frequency could increase the LEV circulation strength but decrease the growth rate of the LEV. Because LEV circulation is related to lift generation, calculating the LEV circulation can provide a uniquely defined value to understand how wing kinematics and geometry affect circulation.
In this paper, we will examine the effect of wing aspect ratio and pitch rate on the LEV circulation by eliciting a dynamic stall process with a single pitch-up motion. Specifically, we will show the differences in circulation development across three different finite aspect ratio wings (1, 2, and 4) tested at two reduced pitching rates (0.1 and 0.2) at a low Reynolds number (Re 500). The LEV will be isolated using vortex identification techniques before the circulation of the LEV is calculated. The circulation across the span of the wing will be evaluated throughout the entire pitching motion and compared with force distributions. To better understand the circulation development, this study will examine 1) the aerodynamic forces generated, 2) the spanwise distribution of circulation, and 3) how circulation compares with aerodynamic force distribution for each wing and pitch rate combination throughout the entire pitching motion.
II. Pitch-Up Kinematics
Unlike most dynamic stall studies that use a sinusoidal pitching motion [11, 13, 20, 47] , a single pitch-up motion will be used in this study to initiate the dynamic stall process. The selection of the pitching motion stems from recent work examining the perching maneuver [18, 27, 34, 35] in which a simplified motion is used to approximate the landing kinematics of birds. The simplified motion couples a linear wing pitch-up with a simultaneous decrease in streamwise velocity. In this study, only the pitch-up motion will be considered. The wing will initially have a neutral angle of attack (0 deg) and quickly ramps up to 90 deg. In this work, the following smoothing function (similar to Eldredge and Wang [48] ) is used to define the time-dependent angle of attack:
in which the parameter a in Eq. (1) is a user-defined value that controls the sharpness of the smoothing function, c is the wing chord, α is the angle of attack, and U is the freestream velocity. Parameter t 1 is the start time of the pitch-up motion and t 2 is the end time of the pitch-up. K is the dimensionless reduced pitching rate, defined as
in which _ α is the pitch rate, c is the chord length, U is the freestream velocity, and α is the angle of attack in radians at the respective times.
For this study, reduced pitch rates of K 0.1 and K 0.2 will be used, and the wing will pitch about the quarter-chord. Figure 1 compares the variation of angle of attack with time using different values of the smoothing parameter a for K 0.1 and using K 0.2 for comparison. As a increases, the pitch-up motion transits from a smoothed ramp to a sharp ramp function. The effect of a appears benign on the angle of attack profile; however, the effects are apparent with angular velocities and accelerations. With the increase in a, angular velocity and acceleration magnitudes increase at the beginning of the motions. This leads to higher noncirculatory forces during the nonzero acceleration phase. Noncirculatory forces refer to the resultant pressure gradient caused by the acceleration of fluid around the wing due to the wing's motion [37] . The noncirculatory force is known to be proportional to the pitch rate [27] and can contribute large portions to lift [45] . Granlund et al. [49] found that a does not change the aerodynamic forces during the constant angular velocity portion of the motion.
Noncirculatory forces can influence the magnitude of the forces measured, depending on the pitch-up profiled used. Figure 1 illustrates how K and the smoothing variable a impacted the acceleration and angular velocity. Noncirculatory forces are a function of these two quantities. As K increases, noncirculatory forces also increase. The noncirculatory forces can quickly increase the lift coefficient during the early stage of the pitch-up motion. The effect is most visible in the C L plots between 0 and 5 deg where the rotational acceleration is nonzero (shown later in Sec. V.A). If the reader wishes to know more about how the noncirculatory forces can be calculated for a pitch-up motion, the reader is referred to Hord and Lian [45] . 
III. Numerical Method and Computational Setup
The flowfield is simulated by solving the 3-D unsteady incompressible Navier-Stokes equations and the continuity equation presented here in Cartesian coordinates:
in which ρ is the density, u is the velocity vector, p is the pressure, t is time, and ν is the kinematic viscosity. The incompressible NavierStokes equations are solved using the pressure-Poisson method [50] . The equations are discretized in space with a second-order accurate central difference onto a set of overlapping grids [51] . In overlapping regions, the Lagrange interpolation is used to interpolate solutions between different regions. Time stepping is accomplished using the second-order accurate implicit Adams-Bashforth-Moulton predictor-corrector method [52] . The PETSc ‡ package is used to solve the system of discretized equations. The wing motion is represented by a series of composed rotation and translation matrices developed by Lian and Henshaw [53] . This computational code has been validated for the lower Reynolds numbers for 2-D and 3-D applications in several papers, and the author refers the reader to these [5, 45, 54, 55] .
The overlapping grid method employs a series of Cartesian grids as the background grid and structured body-fitted grids around the wing surface. The use of a Cartesian grid preserves its inherited high computational efficiency, and the use of body-fitted grids ensures an accurate representation of the wing geometry and a good resolution of the velocity boundary layer profile. The use of overlapping grids also allows for the easy handling of wing motions. Figure 2 shows the sample of a 3-D overlapping grid used for the study.
The rectangular wing has a cross-sectional profile of a 5% thick flat plate with round leading and trailing edges. The flat plate wing is represented by three separated body-fitted structured grids (one wing body grid and two wing tip grids). This composite wing grid is then placed inside a uniform Cartesian background grid, where its boundaries remain at least 10 chords away from the plate. Typically, the background grid is much coarser than the wing grids. To minimize interpolation error, multiple intermediate uniform grids are added between the background grid and the wing grids. For the cases studied in this paper, three intermediate grids are used for transition from the fine wing grids to the coarse background grid. All but one of the boundaries in the background grid is set to inflow boundary conditions, and the remaining is set as outflow with zero gauge pressure. For this study, the Reynolds number is set to 500 and the flow is assumed to be laminar.
We implement a vortex identification scheme to decipher actual vortices from shear layer. If no detection scheme is used, definition of a vortex from streamlines or vorticity plots is ambiguous at best. For this study the Q-criterion, originally developed by Hunt et al. [56] , is selected. The Q-criterion is a Galilean-invariant vortex criterion that is based off the velocity gradient tensor ∇u of the flowfield, in which u is the velocity vector. The Q-criterion is a straightforward calculation shown in Eq. (5), in which Ω and S are the rotation and strain rate tensors of ∇u, respectively.
A vortex is positively identified when Q is greater than zero. This occurs when the vorticity tensor Ω is greater than the strain rate tensor jSj. In addition to the Q > 0 requirement, the pressure at the center of the vortex must be less than the ambient pressure.
IV. Three-Dimensional Grid Sensitivity
Before we study the physics associated with the finite aspect ratio wings, a grid sensitivity analysis is performed. Only the results of the flat plate wing with an aspect ratio of 2 and the reduced pitch rate of 0.2 are reported here. The simulation is conducted at a Reynolds number of 500, and the flow is assumed to be laminar. Three grid densities, referred to as coarse, medium, and fine, are tested. The grid density increased by 20% in each direction from coarse to medium and then from medium to fine, resulting in a grid size of 0.9, 1.7, and 2.8 million grid points for the coarse, medium and fine grid system, respectively. Table 1 lists the three test cases with the number of points used to define the airfoil and span cross sections, the initial cell height, and the total grid points in the domain. Figure 3 shows the computed lift and drag histories for each case. Lift and drag from the medium grid shows little variance from the fine grid, whereas the coarse grid shows significant underprediction. The wake velocities are also examined to verify convergence. The sampling of the wake velocities are taken at two locations: 1) at the midspan a quarter-chord behind the wing in the vertical direction and 2) along the span direction of the wing, a quarter-chord behind the wing. Both sets of wake velocities are reported in Fig. 4 . Little difference is found in the velocity distributions, suggesting that the velocity field is adequately resolved by the medium grid. Finally, due to circulation of the LEV being of primary interest in the study, the circulation of the LEV is calculated for the three tested grids. As will be discussed later, Eq. (6) is used in conjunction with the Q-Criterion (Q > 0) to calculate the LEV vorticity shown in Fig. 5 . As it is seen, refining the grid has little benefit to the circulation calculation. Thus the medium grid is selected, because it provides a resolved velocity field and little degradation to the aerodynamic forces compared to the Fine case.
V. Computational Results
A. Aerodynamic Forces Figure 6 plots the lift, drag, and moment coefficient histories. The 2-D numerical results [34] at the same Reynolds number are presented for comparison purpose. The reference moment coordinate is the same as the pitching location of x∕c 0.25. In the following subsections, we discuss the effects of aspect ratio and pitch rate on aerodynamic forces.
The Effect of Aspect Ratio
The lift, drag, and moment coefficients show strong dependence on the wing aspect ratio. It is clear that increasing the aspect ratio has several impacts on the force histories. Encompassing all the changes observed, the peak lift, drag, and moment coefficients and the respective slopes before stall increase with the aspect ratio and approach their 2-D counterparts. Stall angle, however, decreases with the aspect ratio. Table 2 summarizes some of these changes for easier comparison. Figure 7 shows the vorticity contours at the midspan of the three tested wings at both K values. Because of the diffusive nature of low Reynolds number flows, it is difficult to distinguish the boundaries of the vortices produced. The Q-criterion has been overlaid on the vorticity contours to define the edges of the vortices identified. At the same pitch rate, an increased vorticity magnitude extends further downstream above the surface of the wing as the aspect ratio increases. With the assistance of the Q-criterion, it can be inferred that the LEV is growing in both size and strength with the aspect ratio. This, however, raises the question of the mechanism inducing the differences in vorticity structure observed in the plots. As discussed in a later section, it is found that the interaction between tip vortices and spanwise vorticity attenuates LEV growth on the lower aspect ratio wings.
The Effect of Pitch Rate
Increasing the reduced pitch rate K has the following effects: 1) it increases the stall angle, 2) reduces the peak drag angle, and 3) increases the force and moment coefficient magnitudes. Figure 8 compares the vorticity contours at different angles between the two reduced frequencies for the AR 4 wing. At the same angle of attack, the LEV is smaller and the LEV stays closer to the wing at K 0.2 than at K 0.1. The LEV strength also increases with the pitch rate. However, it does not mean the LEV generates more liftproducing circulation. To properly judge the influence of K on the LEV, we calculate and compare the circulation in the following sections. 
B. LEV Circulation at the Middle Span
To measure the relative strength of LEVs, we calculate the LEV circulation by integrating the clockwise vorticity (ω z;cw ) in the computational domain as follows:
To minimize the influence of shear layer, we use the Q-criterion [56] to filter the domain. This is illustrated by referring to Fig. 7 . The clockwise vorticity identified by the Q-criterion is integrated to calculate the circulation in the domain. Similar approaches have been used by other authors [12, [42] [43] [44] [45] [46] to calculate the circulation of a wing. Before examining the LEV circulation variation across the wing span, we first evaluate the midspan LEV circulation. The LEV circulation is calculated using Eq. (6) with Q > 0. This provides a simplistic view of the development of the LEV circulation with angle of attack as aspect ratio increases and approaches an infinite (2-D) span. Figure 9 plots the calculated circulation values (Γ CW ) at the midspan of each aspect ratio.
The LEV circulation changes with the aspect ratio and K. The aspect ratio is seen to increase the slope of Γ CW , which is similar to the lift and drag coefficients. Differences initially are seen in the K 0.1 case at angles of attack less than 35 deg in which the 3-D circulation The effect of K on the AR 1 wing is less clear. The LEV circulation shows little variation with the reduced frequency K. As previously shown in Fig. 7 , the midspan LEV vorticity is smaller, resulting in lower calculated Γ CW . Additionally the tip vortices that form on the AR 1 wing occupy a significant portion of the suction side surface. (This is shown in Sec. V.B.) This would result in circulation that is not captured by the ω z component.
C. Spanwise Circulation
Figures 10-12 plot the resultant Γ CW contours. It is important to stress that these contours are not Γ CW distributions across the entire surface of the wing, but rather they are the variation in Γ CW across the normalized span (z∕b) through the entire pitching motion. Because of wing symmetry, only a half wing is shown. Each contour plot shows K values of 0.1 and 0.2 alongside isosurface plots of Q 5 at three angles of attack.
Beginning with Fig. 10 , the AR 1 wing, the Q isosurfaces of both K cases show similar vortex structures. The starting vortex is still visible in the K 0.2 case, whereas it has already convected away from the plate in the K 0.1 case. When wings are pitched to the same angle of attack, twice the amount of time has elapsed for the K 0.1 case compared with the K 0.2 case. The lower pitch rate wing allows the LEV to have more time to develop and also allows tip vortices to grow larger and interfere with the LEV. This phenomenon is also seen in the experiment of Granlund et al. [18] . However, it is difficult to identify from the Γ CW contour any spanwise LEV circulation for either K value, even though a LEV-like structure appears above the wing. Several authors have commented on how tip vortices can affect LEV development. Jones et al. [42] and Coton and Galbraith [25] found that the tip vortices impeded LEV development on low aspect ratio wings (AR < 2). At low aspect ratios, tip vortices occupy a large portion of the wing, which disrupts the development of spanwise ω z -related circulation. The lack of LEV circulation would suggest a lack of or significant decrease in lift production; however, as previously mentioned, the lift-inducing circulation may not be tracked by ω z .
An examination of the vorticity transport equation [Eq. (7)], the first two terms on the right side indicate that vorticity can be stretched or tilted. Thus any LEVor ω z vorticity can be tilted into other planes from interaction with tip vortices. ω z vorticity is being modified (tilted) by tip vortices in and out of the z plane used to identify vortices. Because of this complex LEVand tip vortex interaction, liftproducing vorticity may exist in several planes that is not bound to the strength of the LEV. Thus, this enhances aerodynamic forces on the AR 1 wing because lift-producing vorticity does not occur in the ω z form that would shed with the LEV at stall.
Examining Fig. 11 for the AR 2 wing reveals the difference in circulation development with an increase in aspect ratio. It shows that the reduced pitch rate has an effect on the development of circulation, which is not apparent for the AR 1 wing. Examining the K 0.2 contours shows similar valued circulation contours occur at higher angles of attack when compared with K 0.1. This delay in development is also seen in Fig. 9 . Increasing K is also seen to delay the formation of tip vortices. This is evident in the contour plots. Toward the tips, circulation quickly drops in the lower K case. By delaying the tip vortex formation, the LEV circulation occupied more of the span. This lead to a larger area of LEV circulation, covering the span.
The AR 4 plots (Fig. 12 ) share many similarities with the AR 2 plots: circulation increases to higher magnitudes later in the pitching motion and a reduction in LEVand tip vortex interaction with increased K. Examining the contour plots shows that the circulation develops later in the pitching motion, and it is more uniform across the span compared to the lower AR wings. Again the circulation is seen to drop toward the edge of the spans. In the K 0.1 case, tip vortices push the circulation inward by approximately 5% and even less for K 0.2. The AR 2, K 0.1 case showed deeper inward push of 10% of circulation by tip vortices. Geometric scaling (increased span) of the plate would explain the decrease of inward encroachment of the circulation by the tip vortices.
Overall, the spanwise circulation is shown to be dependent on the wing aspect ratio. The lowest aspect ratio wing (AR 1) showed little to no coherent circulation in the contour, whereas the isosurface plots showed a small LEV pushed off the surface by the tip vortices. For the AR 2 wing, spanwise circulation developed but is not uniform. Finally, the circulation on the AR 4 wing is affected little by tip vortices. For the AR 2 case, the higher K value caused a delay in circulation development. Tip vortex interaction is also shown to affect less of the plate surface with an increase in K. This is most evident on the AR 2 and 4 wings, where circulation would extend further across the span when compared with the lower K.
D. Correlation of Force and Circulation
We further examine the correlation between aerodynamic forces and circulation along the span. Comparing the normal force coefficient C N and the circulation across the wing span can reveal whether forces are closely correlated with circulation produced by ω z . Figures 13 and 14 plot normal force and circulation at three angles of attack. These angles are chosen as illustrative points of interest. If the shapes of the two distributions are similar, it can be assumed that Fig. 13 Wing span distribution plots of C N and Γ CW at a single angle of attack for all aspect ratios at K 0.1. Solid lines and lines with circles correspond to C N and Γ CW span distributions, respectively. circulation responsible for lift generation is accurately captured. Hord and Lian [45] found lift and circulation are closely correlated at low angles of attack if the circulation is modified for 2-D cases.
From Fig. 13 , we can see that at 30 deg the profiles of C N and Γ CW are similar at all aspect ratios. This is expected because the LEV is close to the surface of the wing, as illustrated in Fig. 8 . However, the intersection between the LEV and tip vortices creates a valley in Γ CW not shown in C N at jz∕bj ≈ 0.3. This intersection moves closer to the tip of the span as the aspect ratio increases. In this region, out-of-plane circulation may contribute to the lift, but it is not included in our calculation.
At angles of attack of 45 and 60 deg in Fig. 13 , lift starts to decrease due to shedding of the LEV (Fig. 6) . Drop in force at the center span is evident. Force generation primarily originates from tips, as seen from the peaks in C N near the tips. However, Γ CW fails to capture this shift in location of force generation because LEV circulation is still increasing at the midspan and decreases toward the edge. This again illustrates the 3-D nature of the flow at these high angles of attack. The disconnection between Γ CW and LEV circulation is also seen at K 0.2 (Fig. 14) .
To better compare the profile history of C N and Γ CW , we introduce an error ratio e. The error ratio is defined as follows:
The error ratio contour is plotted in Fig. 15 . These contours are a representation of a difference ratio between the C N and Γ CW distributions, which is effectively a simplified method to examine the differences in span distributions of force and circulation. The error ratio is calculated using Eq. (8), in which C N and Γ CW are normalized between 0 and 1 of the maximum values that occur at that angle of attack. As e approaches 0, this corresponds to a similar distribution of It can be seen that, as the angle of attack increases, the midspan error and Γ CW begin to increase while the mid-span C N begins to decrease. However, the effect of aspect ratio is less clear. Examining each aspect ratio, it is easy to conclude that increasing aspect ratio increases the midspan error; however, this only occurs once the LEV begins to separate from the wing. As the LEV sheds from the wing, it continues to feed off the flow for a finite period of time, increasing in both size and circulation. As the size increases, the low pressure center of the LEV moves away from the wing, reducing the suction on the wing. Thus Γ CW and C N can only be compared at low angles of attack or where the flow is fully attached. This is due to the flow quickly becoming three dimensional at higher angles of attack, and simply tracking ω z does not capture the diverse nature of the flow where lift can be produced by vorticity in alternate planes of ω. At lower K, additional error is observed near the tip and at the midspan. This is due to the LEV shedding at a lower angle of attack with increased aspect ratio and additional time for tip vortices to development.
In summary, the lower lift slope on the AR 1 wing is mainly due to the weakened LEV by the tip vortices. As seen in Figs. 7 and 10 , the LEV showed weaker midspan vorticity and lower span circulation. Through the pitching motion, the circulation never developed to levels seen at higher aspect ratios. As the aspect ratio increased, the LEV structure developed with less impedance from tip vortices and achieved higher circulation values across the span. This in turn allowed for the ω z circulation to develop, resulting in a higher lift slope. This phenomenon has been seen in static wing analysis. Torres and Mueller [38] studied static wings with different aspect ratios and planforms. They found that, as the aspect ratio increased, the lift slope approached the theoretical thin airfoil prediction. Cosyn and Vierendeels [57] also saw weak LEVs in their computational results of static flat plate wings at various aspect ratios ranging from 0.5 to 2. They found that the strength of LEVs on wings of AR < 1.5 are dampened by tip vortices; however, as the aspect ratio increased, the influence of tip vortices decreased and the LEV became stronger. This is also seen in Figs. 10-12 . Because of the wing becoming larger, more area is allotted for LEV development.
VI. Conclusions
In this study, we investigated the effect of the wing aspect ratio and pitch rate on force generation and LEV circulation by eliciting a dynamic stall process with a single pitch-up motion. The LEV that formed due to the dynamic stall process was isolated from the shear layer using the Q-criterion, and the circulation of the LEV was calculated by integrating the ω z vorticity across the span. The circulation across the span of the wing was evaluated throughout the entire pitching motion.
Our study showed that aerodynamic forces increase with the aspect ratio and the reduced pitch rate. The stall angle increases with the pitch rate but decreases with the aspect ratio. Comparison of circulation and normal aerodynamic force distributions revealed that at low angles of attack, this increase in circulation due to aspect ratio corresponded to an increase in aerodynamic forces. As the aspect ratio increased, spanwise circulation increased and approached a near uniform distribution similar to the normal forces. At higher angles of attack, the circulation did not correlate well with aerodynamic force distributions, possibly due to the exclusion of out-of-plane circulation.
